Electric hydraulic power steering (EHPS) system has been widely used in large and medium cars, which plays an important role in determining the energy loss, driving safety and driving comfort of vehicles. This work mainly discusses the parameter design of the EHPS system based on the multi-objective optimization algorithm. Since there is no explicit standard for the performance indexes of EHPS system, this work proposes to take the energy consumption, steering road feel, steering sensibility and steering stability as the main performance indexes of EHPS system. Based on these, a multi-objective optimization model is established with the non-dominated sorting genetic algorithm-III based on fitness function (NSGA-III-FF), which has better convergence than the original NSGA-III. Simulation results show that NSGA-III-FF enhances the comprehensive performance of the EHPS system, which can successfully achieve the goal of multiobjective optimization for steering flexibility, steering road feel, and energy loss while ensuring the steering stability.
Introduction
EHPS system drives the hydraulic pump directly by an electric motor instead of engine of the vehicle, thus can produce adjustable assist power according to the speed of vehicle. It is widely used in large and medium trucks and buses [1] . The EHPS system is developed from the traditional hydraulic power steering system (HPS), which drives the hydraulic pump by the engine and always causes high energy loss. Although electric power steering system (EPS) can reduce the energy loss and offer adjustable assist power, the range of assist power is unsuitable for the large and medium trucks. Accordingly, EHPS is designed to combine the advantages of EPS and HPS, which can offer satisfactory driving experience, adjustable steering power, low energy consumption and large assist power range.
In recent years, the researchers have made great efforts by different control methods to improve the steering performance of EHPS system [2] . Lin et al. proposed a slip frequency control method to guarantee the motor with high response speed to the steering action [3] . Kim SH et al. raised a new method to develop EHPS motor speed maps depends on the driver's steering feel, which provides sufficient steering assistance to the driver and prevents the catch-up effect under all driving conditions [4] . Ye M et al. introduced a robust H2/H∞ control to the EHPS system, which guarantees both the robustness of the steering system and the control performance [5] .
Throughout the published literatures, it can be seen that the researches on the optimization of the EHPS system are rarely reported. In fact, EHPS plays an important role in determining steering flexibility, steering road feel, steering stability and energy loss and so on. Only these evaluation indexes are optimized collaboratively, can the comprehensive performance of EHPS system be improved. Therefore, the optimization design of the EHPS system is essentially a multiobjective optimization problem (MOP) [6] .
The non-dominated sorting genetic algorithm-III (NSGA-III) is a kind of evolutionary multi-objective optimization (EMO) algorithms and has been widely applied to solve MOP, especially in automobile manufacturing and satellite design field. It can effectively solve multi-objective problems and improve the diversity and the distribution of Pareto solutions [7] . However, the algorithm also exists defect in convergence which has great influence on the quality of the solutions [8] . Therefore, the NSGA-III-FF algorithm is proposed in this paper, which introduces the adaptive crossover and mutation operator into the algorithm and modifies the niche-preserving operation aims to improve the convergence. Based on this, it is applied to optimize the design parameters of EHPS.
To address the above-mentioned problems, the rest of this paper is organized as follows: Section 2 establishes the structure and dynamic model of EHPS system, and the evaluation indexes of EHPS are derived in Section 3. Section 4 establishes the multi-objective optimization model of EHPS and describes the NSGA-III-FF algorithm. Section 5 shows the multi-objective optimization results, and conclusions are given in Section 6.
System dynamic model
The main structure of the EHPS system is shown in Figure 1 , which is formed by drive motor, rotary valve, steering column, rack and pinion, hydraulic cylinder, and hydraulic pump etc. When ECU receives the speed signal and torque signal of the vehicle from the sensors, they are sent to the motor and drove the hydraulic pump to provide assistant to the steering system. 1-rotary valve; 2-hydraulic pump; 3-motor; 4-hydraulic cylinder; 5-rack and pinion Figure 1 Structure of EHPS system.
Dynamic model of mechanical structure
The mechanical structure of the EHPS system involves steering wheel, steering column, tire, rack and pinion and so on. The dynamic model of mechanical structure can be expressed as [6] : 
Dynamic model of hydraulic structure
The hydraulic structure of EHPS system includes rotary valve, hydraulic cylinder and hydraulic pump, etc. The outlet pressure of hydraulic pump is given as: 
Dynamic model of motor
The dynamic model of motor is depicted as follows: 
Performance index
As for the design of EHPS system, most of evaluating indexes are concerned with the traditional HPS system, while the performance indexes of EHPS system have not an explicit standard. Therefore, this work chooses the energy consumption, steering road feel, steering sensibility and steering stability as the main performance indexes of EHPS system. Based on this, the quantization formula of each performance index is deduced.
Steering energy consumption
With the concern of energy saving and emission reduction, the energy consumption in steering system has attracted more and more attention. Figure 2 shows the schematic diagram of energy flow for the EHPS system. It can be seen from Figure 2 that the energy supplied by battery flows through ECU, motor, hydraulic pump and rotary valve, and finally provides assistance to the steering wheel. Therefore, the energy consumption in the transfer process mainly contains the losses of ECU, motor, hydraulic pump and rotary valve.
The energy loss of ECU can be given as: The energy loss of motor can be expressed as:
The energy loss of hydraulic pump is depicted as:
where n is the speed of motor. The energy loss of rotary valve can be written as:
Therefore, the total energy loss in the process of energy flow can be expressed as:
Steering road feel
Steering road feel is an important basis for driver to evaluate the drive experience of a car, which is defined as the transfer function from the resistance torque acting on the output shaft of the steering column r T to driver's handling torque on the input shaft h T , which can be computed as follows: 
The steering system should transfer enough road information at low frequency and attenuate the high frequency noise and disturbance signals. Therefore, steering road feel is measured by frequency domain energy, which could be depicted as:
where 0  is the largest frequency value of useful information from road, and it is designed as 40 Hz.
. Steering sensibility
Steering sensibility is a significant evaluation index to reflect how soon the vehicle response to steering action. Additionally, the appropriate range of steering sensibility can ensure the vehicle safety and operability.
According to the three degrees of freedom vehicle model, the transfer function from rotation angle of front wheel to yaw rate, sideslip angle and body roll angle can be expressed as [6] : 
where i N and i Q are coefficient of transfer functions.
Therefore, the average frequency power of steering sensibility can be computed as:
Steering stability
In order to guarantee the steering stability while improve the performance of EHPS system, it is indispensable to analyze the requirements of stability. In this study, the denominator of the transfer function of steering sensibility is introduced as the requirement. Then, the denominator is expressed as:
For the stability of EHPS system, the number of the first column of the Routh list should be all positive. 
System optimization design

Design variables
Objectives and constraints
As mentioned above, the average frequency power of road feel c S should be as large as possible in the suitable range. For steering sensibility l F , it should be as small as possible in an appropriate range. In terms of energy loss P , it requires to reduce the value as far as possible. As for steering stability, it is determined by the Routh list and sets as constrains. The multi-objective optimization model could be expressed as: 
NSGA-III-FF optimization algorithm
As mentioned above, this work proposes NSGA-III-FF algorithm to enhance the convergence. Figure 3 shows the flow chart of NSGA-III-FF algorithm. The basic framework of the improved algorithm is similar to the original NSGA-III, while the convergence is improved by the combination of crossover operation, mutation operation and niche-preserving operation as shown by the blue diagram in Figure 3 . Generate reference points on a hyper-plane
Adaptive normalization of population memebers Association operation
Enhancing the convergence Generally speaking, in the early stage of the optimization process, the population with low average fitness requires high crossover and mutation probability. However, in the later stage of the optimization process, high crossover and mutation rate will destroy the fine mode of the population and cause local convergence. Therefore, this paper applies the adaptive crossover and mutation operation to adjust the crossover and mutation probability. The crossover rate and mutation rate are calculated as follows:
where c P is crossover rate corresponding to the selected individuals; c max P and c min P are the maximum and minimum values of the crossover rate; m P is the mutation rate corresponding to the selected individuals; m max P and m min P are the maximum and minimum values of the mutation rate.
The niche-preserving operation is mainly to modify the fitness function by building the relationship between the convergence and fitness. It is set that the individuals with higher fitness (better convergence) have the priority to be added to the next generation.
The NSGA-III-FF algorithm generates and adaptively updates a lot of reference points and reference lines. Figure 4 shows the diagram of the reference points and the reference line. The black dots represent the reference points, which are placed on the normalized hyper-plane uniformly. The yellow dots stand for the Pareto solution, which is associated with the reference point, and they have the closest Euclidean distance. The red lines represent the reference line. After the new population t S is constructed. Each member in t S is associated with a reference line. While some reference lines (reference points) have one or more associated solution(s), and the others may not have any associated solution, as shown in Figure 5 . According to Figure 5 , the reference line has several associated solutions, and they are in different nondominated levels. P is set as i when the solution in i level. The solutions own lower P will be added to the Paper ID: ICEIV2018-xxx next generation preferentially. 1 d means the projection length on reference line between the solution and the ideal point. The solutions own smaller 1 d means better convergence. 2 d is the perpendicular distance from the solution to the reference line, and the smaller 2 d means the solution nearer the reference line. Thus the solutions with lower 2 d will form a well-distribution Pareto solution set, which ensures the diversity of the population. Then, the solution in t S will be sorted based on the fitness function involving P , 1 d and 2 d . The fitness function can be calculated as follows:
Based on the fitness function, the solution will be added to 1 t P  until the population size reaches N .
Result and analysis
The NSGA-III-FF algorithm is used to search the Pareto front (solutions) of the optimization design. In order to verify the optimization effect of the algorithm. Its simulation results are compared with NSGA-II and NSGA-III algorithm, and the parameters are set as the same in Table 1 . For the practical optimization problem, it is difficult to select the best solutions, because the improvement of one objective always leads to the other objectives worse. Therefore, this paper applies TOPSIS method to select the ideal solution [9] .
The Pareto solutions obtained by the three algorithms are showed in Figure 6 . It can be seen from Figure 6 that all of the three algorithms have similar distribution of the Pareto front. However, both NSGA-III and NSGA-III-FF have better diversity than NSGA-II. The ideal solution corresponding to each algorithm is selected according to TOPSIS method, and they are given in Table 2 . It can be seen from Table 2 that the evaluation indexes of EHPS system have been greatly improved by the three algorithms. Figure 7 shows the optimization result of the steering energy loss. It can be seen from Figure 7 that the energy loss obtained by NSGA-III-FF is least, and it reduces to 181.28W. Besides, energy loss obtained through NSGA-III-FF is reduced by 2.25% and 1.71% in comparison with NAGA-II and NSGA-III, respectively. Figure 8 shows the Bode diagrams of the step response for the steering road feel. As can be seen from Figure 8 that, compared with before optimization, the amplitude in 0-40Hz has been improved. Especially for NSGA-III-FF algorithm, the average frequency power of the steering road feel c S is improved to 0.0294J, and it is 1.83 times bigger than that before optimization, and it has been increased by 8.49% and 3.74% in comparison with NAGA-II and NSGA-III, respectively.
Figure 8
Step response Bode diagrams of steering road feel Figure 9 shows the Bode diagrams of the step response for the steering flexibility. Although NSGA-III-FF doesn't obtain the least steering sensitivity, the average frequency power of steering sensibility obtained by NSGA-III-FF is reduced to 3.05×10 -5 J, which is decreased by 13.84% compared with that before optimization. Therefore, the results show that steering sensibility, steering road feel and economy of vehicles have been improved by multi-objective optimization at the same time.
Figure 9
Step response Bode diagrams of steering flexibility.
Conclusions
1) Based on the dynamics model and the analysis of energy flow of EHPS system, the formulas of evaluation indexes for steering system are proposed, which contains steering road feel, steering sensibility and steering energy loss. Then, the multi-objective optimization model is established.
2) The NSGA-III-FF algorithm is proposed in this paper aiming to improve the convergence of the optimization result. It introduces the adaptive crossover and mutation operator into the algorithm and modifies the niche-preserving operation. Then, the improved algorithm is applied to the optimization design of EHPS.
3) The result shows that NSGA-III-FF has better comprehensive performance than NSGA-II and NSGA-III. Meanwhile, the evaluation indexes of EHPS system have been improved substantially. In the future, the effect of parameters setting in NSGA-III-FF will be further studied, and the search efficiency should be improved. In addition, the optimization for EHPS system will severs as a good example for other multi-objective optimization problems. 
